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Voltage-dependent gating of KCNH potassium
channels lacking a covalent link between
voltage-sensing and pore domains
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Voltage-gated channels open paths for ion permeation upon changes in membrane potential,
but how voltage changes are coupled to gating is not entirely understood. Two modules can
be recognized in voltage-gated potassium channels, one responsible for voltage sensing
(transmembrane segments S1 to S4), the other for permeation (S5 and S6). It is generally
assumed that the conversion of a conformational change in the voltage sensor into channel
gating occurs through the intracellular S4–S5 linker that provides physical continuity between
the two regions. Using the pathophysiologically relevant KCNH family, we show that
truncated proteins interrupted at, or lacking the S4–S5 linker produce voltage-gated channels
in a heterologous model that recapitulate both the voltage-sensing and permeation properties
of the complete protein. These observations indicate that voltage sensing by the S4 segment
is transduced to the channel gate in the absence of physical continuity between the modules.
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V
oltage-gated potassium (KV) channels are crucial
regulators of cell excitability. They allow potassium to
ﬂow along its electrochemical gradient upon depolariza-
tion of the plasma membrane. Similar to voltage-gated Naþ and
Ca2þ channels, KV channels have four-fold symmetry that is
generated by internal repeats in Naþ and Ca2þ channels and by
independent subunits in Kþ channels. Thus, KV channels are
tetramers, each monomer containing six transmembrane seg-
ments (S1 to S6). A modular structure can be recognized in the
arrangement of these channels. Functional KV channels are
formed by an ensemble of a ‘permeation module’ or pore domain
that allows potassium ﬂow, constituted by four S5 and S6
segments and their intervening pore loop, and that is surrounded
by a ‘voltage-sensing module’ comprised of four functionally
independent voltage-sensor domains1–3. The permeation module
would be equivalent to the two transmembrane segments of the
bacterial KcsA or of the inward rectiﬁer channels, which have
little or no intrinsic voltage dependence (reviewed by Vardanyan
and Pongs4). Voltage dependence is conferred by the rest of the
transmembrane protein (segments S1–S4, although intracellular
parts or even additional proteins can participate and modulate
the process (see, for example, refs 5,6). Within the voltage-sensing
domain, S4 shows an array of positive charges that drive its
movement upon changes in voltage across the membrane2,3,7.
Periodically distributed positively charged amino-acid residues at
the S4 segment sense changes in the electric ﬁeld across the
membrane, and this stimulus is transduced into a conformational
change in the permeation module that ﬁnally allows ion ﬂow4.
The mechanism responsible for converting the changes
occurring in the ‘voltage-sensing module’ into an opening of
the gate of the ‘permeation module’ is not well understood.
Current knowledge indicates that the intracellular linker between
S4 and S5 segments is crucial for the so-called ‘electromechanical
coupling’ in potassium channels by forming a rigid a-helical
connection8,9 between the voltage sensor and the pore
module10,11 that acting as a mechanical lever12–14 exerts force
on the bottom part of S6, constituting the structural link coupling
voltage sensing to channel gating4,15. Most evidence stems from
channels of the families KCNA to D, although some studies have
also been performed on HERG (KCNH2, KV11.1) (refs 10,16–18).
In this case, it has been proposed that an electrostatic interaction
between the S4–S5 linker and the bottom part of S6 stabilizes the
closed conformation, and that outward S4 movement should pull
on the linker, subsequently pulling also the S6 bottom resulting in
pore opening10,19,20.
We decided to test the relevance of the S4–S5 linker in
channels of the KCNH family (KV10.1, KV10.2 and KV11.1) for
several reasons. Although these channels lack the PVP motif at
the end of S6 that induces a kink that allows channel gating in
classical Shaker-like KV channels21, trapping of high- and low-
afﬁnity blockers upon channel closing22,23 and cysteine and
proline scans of the S6 segment24,25, indicate that in KV11.1
channels the main ion conduction gate (‘activation gate’) is also
formed by the bundle crossing of the inner portion of the four
pore domain helices. In addition, KCNH channels share a
relatively negative activation threshold and are open at 0mV,
raising the possibility that coupling between the voltage-sensing
and permeation modules may be required to maintain the
channel closed, rather than to open the gate. Finally, KV10.1
(KCNH1, Eag1) offers an interesting model for the study of
voltage-dependent gating, because its activation is slow,
permitting relatively easy characterization, but also because the
time constant of activation depends very strongly on the prepulse
potential and is modulated by extracellular magnesium26 allowing
an unequivocal identiﬁcation of its currents. Moreover, the
activation/inactivation properties of KV11.1 and the implication
of different regions of the channel in determining such properties
have been studied in great detail, because its peculiar kinetic
properties are crucial for the physiological role of KV11.1 during
the cardiac action potential27.
In this report, we demonstrate that at least for KCNH channels,
the physical continuity between the voltage sensing and the pore
modules is not necessary for voltage-dependent gating, challen-
ging the classical view of a S4–S5 linker acting as a rigid
mechanical coupler between them, and opening new questions
about the nature of the molecular and functional interactions
between the voltage-sensing and pore modules of the protein.
Results
Voltage-gated currents in channels split at the S4–S5 linker. To
study the requirement of the integrity of the S4–S5 linker, we
introduced a stop codon in KV10.1 after each residue in the linker
(341–349: sequence LDHYIEYGA) and removed the rest of the
channel sequence. The truncated proteins were expressed in
Xenopus oocytes in combination with the carboxyl-terminal
(C-terminal) half of the channel, generated by removal of the
initial coding sequence and positioning a start codon at the
beginning of S5 (before residues 342 to 350, see schematic
representation in Fig. 1a). The resulting constructs were
transcribed in vitro and combinations of two RNAs (encoding
together the whole sequence interrupted at each of the positions:
for example, 1–347 with 348–962) were co-injected into oocytes.
None of the tested constructs gave rise to current when injected
alone (Fig. 1d; 420 oocytes measured of each type in at least
ﬁve independent injections). In contrast, when any of the com-
binations of interrupted amino (N)- and C-terminal truncated
proteins were expressed together (as split channels28), it was
possible to measure voltage-dependent potassium currents.
Current amplitudes were smaller in split than in continuous
channels (for example, at þ 40mV, 12.26±1.27 mA, mean±s.e.,
n¼ 29 in the split versus 21.55±4.58 mA, mean±s.e. n¼ 27 for
the wild type, when injecting 1 ng RNA), but the difﬁculties in
adjusting RNA concentration per oocyte when injecting two
different species at the same time and the requirement of longer
incubation periods for robust expression of the split channels
prevented a systematic study of crude current amplitudes.
Representative current traces of the split channel interrupted
after Y347 are shown in Fig. 1b,c in 2.5 and 60mM extracellular
Kþ , respectively, and its voltage dependence is shown in
Fig. 1e. The conductance/voltage plots were obtained through
extrapolation to time zero of a double exponential ﬁt of the tail
current obtained in the presence of 60mM Kþ in the external
solution (substituting 60mM Naþ ) as indicated by the
corresponding symbols in Fig. 1c. The semi-maximal activation
was shifted in the split channel to less depolarized potentials
(11.9±0.67 –split, mean±s.d., n¼ 8– versus 16.3±0.58mV
–wild type, mean±s.e., n¼ 13–) and the slope was shallower
(26.2±0.46 versus 20.5±0.30mV, mean±s.e.). The differences
were nevertheless not dramatic, indicating that the combination
of the two independent demi-channels results in a functional,
voltage-gated ion channel with properties similar to the
continuous protein.
Our approach allowed us to combine any of the N-terminal
halves with the C-terminal demi-channel starting at position 350,
generating de facto deletions of 1 to 9 residues in the linker. In the
case of the longest deletion (co-expression of demi-channels
1–341 and 350–962), the complex would eventually have no
S4–S5 linker. When injected into oocytes, every combination of
constructs gave rise to voltage-dependent currents consolidating
the concept of a functional coupling between the voltage-sensing
module and the permeation module in the absence of physical
continuity. This was also true for the split channel completely
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lacking a S4–S5 linker (Fig. 1b). Although in this case the
threshold for activation was strongly shifted to depolarized
potentials (Fig. 1e), and the I/V curves did not reach saturation in
the voltage range tested, precluding an accurate estimation of
voltage-dependence parameters, there was unequivocal voltage
dependence. The activation of this construct was also remarkably
slower than wild type, and therefore the accurate estimation of
conductance at moderate depolarizations would require very long
stimuli. This lack of accuracy at low depolarizations could explain
the apparent biphasic behaviour of this construct, but we have not
further studied this property.
Demi-channels coexist at the plasma membrane of oocytes. Our
results unequivocally show that co-expression of two independent
RNAs each encoding a ‘demi-channel’ give rise to voltage-gated
currents. This can be due to the assembly of the two independent
proteins into multimers that recapitulate properties of the con-
tinuous channel, but it could also be possible that expression of
both fragments induce the functional expression of an otherwise
not detected endogenous voltage-gated channel. However, this
cannot be due to only one of the fragments, since we did not
observe either outward or tail currents upon injection of any of
the demi-channels alone (Fig. 1d). Interestingly, surface biotiny-
lation experiments (Fig. 2a) combined with immunoblot using a
polyclonal anti-KV10.1 C-terminal antibody to detect only pro-
tein exposed to the extracellular medium revealed that the
C-terminal demi-channel is indeed expressed on the surface of
injected oocytes, not only when injected together with the
N-terminal part (second lane in Fig. 2a), but also when injected
alone (third lane). As stated below, the results with non-con-
ducting mutant demi-channels also indicate that the currents
elicited by co-expression of both channel halves are not due to an
endogenous oocyte channel.
To conﬁrm that the two demi-channels actually co-assemble
into a single complex and are still independent proteins, we
tagged each of them using 5Myc (on the N terminus) or a
4HA tags (C-terminal) to perform cross pull-down experi-
ments. Pull down of HA gave a signal in Myc immunoblots
(Fig. 2b) and vice versa, pull down of the N-terminal fragment
(Myc) gave a positive signal in HA western blot (Fig. 2c). In both
cases, the pulled-down fragments had the expected size (B50 kDa
for the N-terminal and B70 kDa for the C-terminal demi-
channels), indicating that the two halves are not covalently bound
in the oocyte. The full-length protein carries sugar moieties in the
S5–S6 linker, close to the pore29. To test if the C-terminal
fragment (HA), which contains the glycosylation sites, could also
be glycosylated in the split channels, we performed enzymatic
deglycosylation of oocyte extracts (Fig. 2c). Treatment with
PNGase F induced changes in the electrophoretic mobility of the
HA-positive band, compatible with complex glycosylation of the
truncated protein. The same treatment did not induce changes in
the migration pattern of the band detected by Myc, which is not
expected to carry glycosylation (Fig. 2b).
Finally, when extracts from oocytes were run under native
conditions, co-expression of the two fragments gave rise to a large
complex, with migration similar to the full-length channel
(Fig. 2d). This again indicates that both fragments are expressed
and share the same complex.
In summary, we conclude that upon expression of the channel
fragments, a functional complex is formed by the apposition of
voltage sensors and permeation modules that gives rise to a
functional, voltage-dependent ion channel.
Split channels retain the properties of both functional modules.
If the demi-channels indeed form a voltage-gated complex,
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Figure 1 | Discontinuous KV10.1 channels give rise to voltage-dependent
currents. (a) Schematic representation of KV10.1 deletions. The voltage-
sensing domain is depicted in green, the S4–S5 linker in red and the pore
module in dark blue. (b) Families of current traces obtained by
depolarizations to different potential (up to þ 80mV at 20mV intervals)
from a holding voltage of 80mV in oocytes injected with cRNA for
continuous KV10.1 (left), a mixture of cRNAs encoding for residues 1–347
and 348–962 (centre) or residues 1–341 and 350–962 (right). All gave rise
to outward currents with similar kinetics, but with some differences in their
voltage dependence as illustrated in e. Extracellular solution containing
2.5mM KCl and no MgCl2 was used. (c). Representative families of
currents for continuous and 347-split KV10.1 channels recorded in 60mM
extracellular Kþ . The tail amplitude at time 0 (represented in e) was
extrapolated from biexponential ﬁts as described in Methods and as
indicated by symbols. (d) Families of currents elicited in 60mM
extracellular Kþ using oocytes injected with cRNA encoding 1–347 (left) or
348–962 (right) KV10.1 demi-channels. Note the lack of currents after
injection of each of the demi-channels alone as compared with the
continuous and the split channels (lower panels; scale bars, 2 mA, 100ms).
(e). Conductance/voltage plot of continuous (open circles, n¼ 13), 347-
split (closed circles, n¼ 12) and split KV10.1 channels lacking the S4–S5
linker (open squares, n¼ 11). The currents elicited by channels completely
lacking the S4–S5 segment required stronger depolarizations to develop,
but the slope (that is, voltage dependence) was not dramatically different.
Error bars represent s.e.
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properties typical of both voltage sensor and pore modules should
be conserved in the split channel. A deﬁning feature of KV10.1 is
its high sensitivity to the prepulse potential30. The channel
activates faster the more depolarized the potential before the
stimulus (Fig. 3), and this phenomenon is strongly dependent
on extracellular magnesium through interaction with residues
located in the voltage-sensing module of the channel31. Moderate
concentrations of Mg2þ slow down the activation and make the
phenomenon most evident (Fig. 3a). The activation of the split
channel was slower under all experimental conditions, but the
dependence on the prepulse potential was preserved, as depicted
in Fig. 3b. A comparison between the continuous and the split
channel in the presence of 1mM extracellular Mg2þ is shown in
Fig. 3c. Over 1mM, the activation of the split channel was so slow
that the changes induced by hyperpolarized prepulses became less
obvious (Fig. 3d). In summary, the split channel maintains both
the dependence on the prepulse potential and dependence on
extracellular Mg2þ .
To further conﬁrm that the activation of the split channel still
depends on the voltage-sensor domain, we co-expressed a
mutated N terminus where the voltage dependence had been
shifted by neutralization of one of the positive charges in S4
(R336Q) with the wild-type C-terminal module. The resulting
split channel displayed a shift of voltage dependence with respect
to the wild-type split (Fig. 4a) comparable to the one observed in
the continuous channel, strongly indicating that the voltage
dependence observed in the split channel is indeed conferred by
the properties of the voltage-sensing module.
To probe the properties of the permeation module of the split
channel, we used astemizole, which is a relatively well-studied
blocker of channels of the KCNH family32. The crucial residues
for astemizole block lie in the C-terminal half of the channel
(F468) (ref. 33), and we expected them to be largely conserved in
the split channel. Indeed, astemizole still blocked both the split
and the channel without a S4–S5 linker, although the IC50 was
shifted to the right in both cases (Fig. 4b). In addition, we
generated a split channel carrying a mutation in the deep pore of
KV10.1 that abolishes permeation (G440S)34. This combination
did not give rise to detectable currents in oocytes (Fig. 4c–e),
further indicating that the currents detected in the presence of the
split are not due to endogenous overproduced oocyte channels.
Fig. 4e shows the average current–voltage relationships obtained
from 10 oocytes in those experiments.
Altogether, the expression of KV10.1 as two independent
proteins containing the voltage-sensing and the permeability
module, respectively, generated currents recapitulating properties
attributable to either module, strongly indicating that the
detected current depends on the association and interaction
of both independent proteins, that correctly assemble and
generate functional channels in the absence of physical continuity
between them.
Functional expression of other S4–S5 split KCNH channels.
A relevant question is whether our observations respond to a
peculiar behaviour of KV10.1 or are rather extendable to other
channels. We therefore tested two other KCNH members, KV10.2
(Eag2, encoded by KCNH5) and KV11.1 (HERG, encoded by
KCNH2). KV10.2 shares high homology with KV10.1, and was
truncated at Y344, the position equivalent to Y347 of KV10.1.
Expression of KV10.2 wild type (Fig. 5a) is in our hands much less
efﬁcient than that of KV10.1, and so was also the case for the split
channel (Fig. 5b). The conductance/voltage plot of the KV10.2
split channel showed a marked shift to more positive potentials
and thereby lost the very negative activation threshold of the
parental channel (Fig. 5c). Nevertheless, we could observe
potassium currents compatible with KV10.2 in oocytes injected
with the two truncated proteins.
KV11.1 (HERG) could also be expressed as combination of two
demi-channels: an initial half truncated after Y545, in the middle
of the putative S4–S5 linker, thus corresponding to residues
1–545, and a truncated channel covering residues 546-1159.
Voltage-evoked currents reminiscent of those of continuous
KV11.1 (Fig. 6a) were obtained upon expression of the split
HERG. Thus, while the magnitude of the wild-type peak tail
current measured at  50mV in 2mM extracellular Kþ
amounted 1.68±0.32 mA (mean±s.e., n¼ 26, N¼ 11), the Y545
split peak tail current reached 0.36±0.06 mA (mean±s.e., n¼ 19,
N¼ 9). This value increased to 0.6±0.1 mA (mean±s.e.) when
the tail current magnitude was estimated by extrapolation at zero
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Figure 2 | Both KV10.1 demi-channels are detected in the same complex.
(a) Biotinylation of surface proteins and subsequent pull down of labelled
molecules allowed the detection of full-length channel using an anti-KV10.1
C-terminal antibody, and also of the C-terminal truncated protein when
expressed either alone or as split channel. (b) Co-immunoprecipitation of
N- and C- terminal demi-channels. The N-terminal fragment was labelled
with 5Myc and the C-terminal was 4HA tagged. Immunoprecipitation
with HA-tag pulled down a fragment of size compatible with the N-terminal
demi-channel (arrow), recognized by anti-Myc immunoblot. Asterisks
indicate bands corresponding to the antibody used to immunoprecipitate.
(c) Immunoprecipitation with anti-Myc also pulled HA-tagged fragments
detected as a double band (arrows). The migration distance of the upper
band was modiﬁed by deglycosylation (PNGase F lanes), as expected for
the C-terminal fragment of KV10.1, which contains the glycosylated
residues. Input lanes were loaded with the extract corresponding to half an
oocyte; the equivalent to 30 oocytes were used to immunoprecipitate.
(d) Native electrophoresis and immunoblot shows the presence of a
complex with size similar to that of the continuous channel when
demi-channels were expressed together, recognized by both anti-Myc
and anti-KV10.1 antibodies.
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repolarization time to prevent the reduction in the peak current
imposed by the very fast deactivation decay of the split tails (see
below). As expected, no detectable currents were observed when
any of the demi-channels were separately expressed in the oocytes
(Supplementary Fig. 1). The split channel currents exhibited the
typical KV11.1 inward rectiﬁcation at positive voltages. The
voltage dependence of the steady-state activation was only slightly
shifted to positive potentials (Fig. 6b). Also, the voltage-
dependent activation rate of the split was only slightly slower
than wild type at positive voltages (Fig. 6c). Alterations in the
S4–S5 loop of KV11.1 are expected to produce an acceleration of
deactivation35. Consistently, the deactivation time constant of the
discontinuous channel was accelerated by an order of magnitude
(Fig. 7a). Finally, the inactivation of the split KV11.1 was also
similar to the wild-type channel (Fig. 7b) and appeared clearly
slowed when the extracellular Kþ level was raised from 2 to
50mM (refs 27,36). Thus, co-expression of the two demi-
channels rendered currents with the predicted properties, further
indicating that the S4–S5 linker is indeed interrupted, and that
there is no covalent fusion of the two proteins during synthesis,
assembly and/or trafﬁcking.
Similar to the results observed with the split KV10.1 channel,
the currents elicited after co-expressing the two truncated HERG
halves were sensitive to E-4031 (Fig. 8a), a very speciﬁc blocker of
HERG37, although with lower afﬁnity than the intact channel38.
Furthermore, a permeation-inhibiting mutation (G628S)39,40
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equivalent to the one reported for KV10.1 in Fig. 4 also abolished
functional expression of the split HERG channel (Fig. 8b).
Introduction in the split C-terminal permeation module of a
S620T pore domain point mutation, known to antagonize KV11.1
inactivation27, reduced (at 2mM Kþ ) or eventually abolished
(in 50mM) inactivation of the split channel (Fig. 8c), without
affecting the voltage dependence of activation (Fig. 8c) or
deactivation (Supplementary Fig. 2). Finally, deletion of the N
terminus proximal domain (residues 138–373; see ref. 41), which
shifts the activation voltage dependence towards more negative
values and accelerates activation of HERG channels, induced
similar effects when performed in the split N-terminal half of the
channel (Fig. 9 and refs 35,41). In conclusion, the voltage sensor
of the initial half is able to confer near normal voltage-dependent
properties to the assembled construct, and the functional
properties of the pore domain leading to the characteristic
voltage-dependent inactivation of HERG are maintained in
the co-assembled channels. Altogether our data unequivocally
demonstrate that the permeation properties of the split channels
are determined by the C-terminal domain, but it is the initial
voltage sensor-containing module what crucially determines the
voltage-dependent properties of the assembled protein.
Hybrid split channels from different KCNH family members.
To check for the speciﬁcity of the split channel assembly, we tried
combinations of the N- and C-terminal halves from KV10.1 and
KV11.1 as well as KV10.1 and KV10.2. No active channels were
recorded when the voltage sensor-containing N-terminal half of
KV11.1 was co-expressed with the C-terminal half of KV10.1.
However, co-injection in the oocytes of the N-terminal voltage-
sensing module of KV10.1 (corresponding to residues 1–347, this
last one in the middle of the S4–S5 linker) with the C-terminal
100
80
60
40
20
Pe
r c
en
t c
ur
re
nt
0.1
2 4 6
1
2 4 6
10
2 4 6
100
Astemizole (μM)
1.0
0.8
0.6
0.4
0.2
0.0
N
or
m
al
iz
ed
 G
–100 –50 0 50 100
Vm (mV)
100 ms
2 μA 2 μA
100 ms
10
8
6
4
2
0
I (μ
A)
–100 –50 0 50 100
Vm (mV)
Y347split
Y347 split G440S 
Wild type
Y347 split
R336Q
Y437 split R336Q
Figure 4 | Split channels retain properties residing in both the voltage-sensing and permeation modules. (a) Mutation of the voltage-sensor domain
has similar effects in continuous and split channels. Neutralization of a positive charge in the S4 domain (R336Q) shifts the activation potential to
hyperpolarized values regardless of the integrity of the S4–S5 linker (Open circles, wild type; closed circles, split channel; open diamonds, R336Q;
closed diamonds, split R336Q; n¼ 7; error bars, s.e.). (b) Blockade by astemizole, whose structural determinants lie in the C-terminal part of the protein,
is conserved both in channels with interrupted S4–S5 (closed circles, n¼ 6–7) or lacking completely the linker (squares, n¼ 2–4), albeit with reduced
afﬁnity as compared with control (open circles, n¼ 9–16). (c–e) A pore mutation precluding Kþ permeation abolishes the activity also of split channels
(c, wild-type split; d, G440S mutant split) (e) I/V relationship of wild-type and mutant split channels constructed with values obtained from 10 oocytes.
Error bars represent s.e.
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permeation module of HERG (from residues 546 in the S4–S5
loop to 1,159 at the C terminus) yielded voltage-dependent cur-
rents that basically recapitulated those obtained with the KV10.1
split (Fig. 10a). No HERG-type inward rectiﬁcation at positive
voltages was observed with this combination, and only a little
nonlinearity of the I/V relationship at voltages positive to
þ 40mV was obtained in 2mM extracellular Kþ , that was
virtually abolished by raising the concentration of the cation to
50mM. Similarly, the voltage-sensing domain of KV10.2 was able
to generate functional channels when combined with the pore
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module of KV10.1 (Fig. 10b). Furthermore, the speed of activation
of the KV10.1/KV11.1 combination during the depolarization
pulses became faster when the holding potential was maintained
at more depolarized values (Fig. 10c), a typical signature of
KV10.1 (Fig. 3) and KV10.2 channels30 that is not exhibited by
KV11.1 (ref. 41). This demonstrates not only that the ability to
voltage-dependent gate the HERG pore is maintained upon
heterologous co-assembly with the KV10.1 voltage sensor in the
absence of physical continuity between them, but also that
the voltage-dependent properties are mainly conferred by the
voltage-sensor moiety of the split. Finally, the truncation of
channels of the KCNA (KV1.4) or KCNQ (KV7.2/3) families did
not produce functionally active channels. As discussed below, the
reason(s) for this differential behaviour remains to be established.
Discussion
Our data demonstrate for the ﬁrst time that the covalent link
between voltage sensor and pore module is not necessary to
confer voltage-dependent gating properties to KCNH channels.
Our results challenge the classical view of voltage-dependent
channel activation in which the outward movement of the S4
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voltage-sensor helix tracks the S4–S5 linker that acting as a rigid
mechanical lever pulls apart the N-terminal portion of S5 and the
C-terminal end of S6 lining the channel gate to open it. Such a
mechanism would be incompatible with voltage dependence in a
split KCNH channel. What molecular system could be involved
in coupling the voltage sensor to the pore module in the presence
of a structurally interrupted S4–S5 linker? One possibility is that
the C-terminal end of S4 and/or the initial half of the S4–S5 linker
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pushes the S5–S6 module to maintain the gate closed at rest,
whereas its movement upon depolarization allows for passive
relaxation of the pore module to its default conducting
conformation42. Unlike Shaker-like KV channels43, an
intrinsically more stable open state has been proposed for
KV11.1 (refs 4,10,35,44). However, our data indicate that when
injected alone the C-terminal domain does not give rise to
detectable potassium currents, even though it is expressed at the
plasma membrane, as suggested by the dominant negative effect
of the non-permeant demi-channel modules, and directly
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ranging from  20 to  140mV with the voltage protocol schematized at the top. An enhanced view of the peak tail currents during the repolarization
steps is shown in the inset. Right panel, plot of fast deactivation time constant for different repolarization voltages. Values from wild-type non-split channels
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demonstrated by the biotinylation experiments in the case of
KV10.1. Further experiments would be necessary to know if this
absence of permeability with the isolated pore module is due to a
closed conformation of the pore of the demi-channel, a collapse
of the pore loops, aggregation or misfolding of the protein in the
absence of the other parts of the channel.
A second alternative to explain the functional integrity of the
splits is that the end of S4 and/or the beginning of the S4–S5 loop
are used to transmit a conformational non-covalent coupling of
the voltage sensor movement to opening and closing of the gate at
the bundle crossing of S6 (ref. 45). In this case, the interaction
between these two structures would transfer the energy generated
by S4 movement, to push or pull the opening of the S6-limited
gate15. Indeed, previous work both in KV11.1 (ref. 10) and other
Shaker-like KV channels11,12,46 identiﬁed a direct interaction
between the S4–S5 linker and the C-terminal portion of the S6
helix as a crucial component of the gating process. It has been
proposed that this intrasubunit interaction is further
complemented by a intersubunit interaction between the lower
S4 and the S5 of the neighbouring subunit to drive the ﬁnal
cooperative gating transition leading to pore opening47–49. In this
context, our results identifying the C-terminal end of S4 and/or
the initial segment of the S4–S5 loop (but not the integrity of this
linker) as a crucial component of the gating mechanism, point to
the possibility that these type of interactions are also involved in
voltage-dependent gating of the KCNH channels. Interestingly, a
nearly unaltered functionality in channels carrying a cleaved
backbone between the voltage-sensing and the pore domains
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would be consistent with the recently recognized need of a ﬂexible
N-terminal segment in the S4–S5 linker for proper KV11.1
channel gating19,20. Altogether, this indicates that instead of a
classical electromechanical coupling based in an S4–S5 loop
acting as a rigid mechanical lever, at least for KCNH channels the
coupling of the voltage-sensing and pore modules is based in an
‘electrointeractional’ mechanism probably involving the end of S4
and/or the beginning of the S4–S5 loop as well as the C-terminal
portion of the S6.
The currents observed with the splits are very unlikely due to
proteins other than the injected channels. Tagged KV10.1 demi-
channels are able to immunoprecipitate the counterpart in both
directions, that is, precipitating the N terminus pulls down the
C-terminal part and vice versa. Furthermore, the split channel is
not only detectable on the surface of the oocyte, but it also shows
glycosylation resembling the pattern obtained for the continuous
channel. The C-terminal demi-channels are detected in native
gels in a complex with a size compatible with association with the
N-terminal part. These results indicate that both demi-channels
associate to form a functional potassium channel.
It is important to note that although maintenance structural
integrity of the S4–S5 loop is not strictly necessary to confer
voltage-dependent gating, our results also indicate the existence
of subtle differences in the behaviour of the splits, that can be
aggravated upon complete removal of the linker (see, for example,
Fig. 1d). The overall current amplitude was reduced in all
channels tested as compared with the respective continuous
channel. In addition, splitting induces some alterations in voltage
dependence and, at least at certain voltages, a slower activation
rate both for KV10.1 and KV11.1 (Figs 3, 5). Also, the
modiﬁcations in gating properties induced by removal of the
KV11.1 N-terminal proximal domain, are less prominent in the
split than in the continuous channel (Fig. 9 and refs 35,41). These
observations suggest that the assembly of channels is less
efﬁcacious and, once assembled, the communication between
the voltage sensing and the permeation modules is altered to a
certain extent. On the other hand, some changes in deactivation
were observed in split channels of both KV10.1 and 11.1. Thus,
the marked acceleration of the KV11.1 split closing indicates that
the S4–S5 segment is also relevant for deactivation, but that its
exact role is probably determined by interactions with other parts
of the protein, as repeatedly reported for this channel18,50–53. This
can be expected from the recognized role of the S4–S5 linker as a
coupler of voltage sensing to gate, but also as an integrator of
cytoplasmic signals that modulate activation and deactivation
gating9. Indeed, a direct interaction of some intracellular channel
structures with the S4–S5 domain has been demonstrated
previously (reviewed in ref. 5). In other words, our results
indicate that although not completely necessary for voltage-
dependent gating, the S4–S5 segment still plays a relevant role for
proper function also in KCNH channels. Previous studies with
KV11.1 carrying mutations at residue 540 or after crosslinking
this position to the end of helix S6 (refs 10,35) indicate that the
N-terminal end of the S4–S5 linker plays a crucial role in
coupling voltage sensing to channel gating. A similar mechanism
may be involved in voltage-dependent coupling of the splits.
However, the rest of the S4–S5 linker, probably through
interaction(s) with other parts of the channel (for example, the
N-terminal eag/PAS and/or proximal domains, or the C-linker
immediately below the gate9,17,19,20,41,50–53) can also strongly
inﬂuence the properties and extent of such coupling. The reduced
voltage sensitivity of split channels lacking a S4–S5 linker would
reinforce this view.
Importantly, properties attributable to each part of the full
channel, voltage-sensing domain and pore domain, are trans-
ferred to the corresponding split channels. Pore blockers such as
astemizole and E-4031 inhibit currents through KV10.1 and
HERG split channels, respectively; pore mutations in both the
channels abolish permeation also in the split channels; mutation
of the S4 segment induces shift in the same direction in both split
and continuous channels and KV10.1 split channels retain a
marked Cole–Moore shift. Furthermore, Cole–Moore shift, which
is not detected in HERG channels, is conferred to KV10.1/KV11.1
hybrid split channels by the voltage-sensing domain of KV10.1,
reinforcing the concept of modularity of ion channels.
Up to now, the results obtained with the split KCNH channels
were not reproduced with members of the KCNA or KCNQ
families. This could be attributed to mechanistic differences in the
process of gating, but also to differences in the biosynthesis of the
different families. For example, KCNA channels depend on a
N-terminal T domain for tetramerization, while KCNH channels
rely most primarily on C-terminal tetramerization domains,
although there is indication that N-terminal domains affecting
multimerization also exist54. Perhaps this results in inactive
N-terminal tetramers of KCNA channels, while the correct
association of KCNH channels would be favoured by their
multimerization domains. However, KCNQ channels also have
C-terminal tetramerization domains55,56 as KCNH, and we did
not observe functional channels in this family either.
Finally, our data open new unanswered questions. Thus, the
speciﬁc step(s) of the synthesis, processing, assembly, quality
control or trafﬁcking pathways at which the modules come
together remain to be established. Also, the molecular determi-
nants for speciﬁcity of recognition of the two channel halves are
unknown, although our preliminary experiments suggest that at
least the N terminus can be important to build fully functional
KV11.1 channels. Further work will be necessary to provide
adequate answers to these questions.
Methods
Molecular biology. The initial split channels were generated from KV10.1 or
KV10.2 in the pSGEM oocyte expression vector (M. Hollmann, Bochum57) by
inserting at the chosen position in a ‘StopXStart’ cassette, where X is a particular
restriction enzyme ﬂanked by the TGA stop and ATG start codons. Sequences of
oligonucleotides used are listed in Supplementary Table 1. In the case of the
N-terminal demi-channel, X was a previously absent restriction enzyme. The
fragment was then excised with X and a second single cutter from the polylinker
and ligated into the empty pSGEM. For the C-terminal demi-channels, X was
chosen among already present single cutters, now becoming a double cutter.
Restriction with this enzyme and subsequent religation of the larger DNA fragment
resulted in the deletion of the N-terminal part of the sequence. KV10.1 was split by
inserting a ‘StopBamHIStart’ or ‘StopEag1Start’ cassette after position Y347. For
KV10.2, ‘StopHindIIIStart’ or ‘StopEag1Start’ cassettes were used after Y344.
Subsequent split channels were generated by deleting the sequence after the start
codon up to the desired position (C-terminal constructs) or the sequence between
the desired position and the stop codon (N-terminal constructs).
The split channels for KV11.1 were generated as PCR fragments containing
the desired coding sequences that were inserted into the pSP64Aþ vector as
HindIII–BamHI fragments. The N-terminal fragment was synthesized using a
sense oligonucleotide containing a HindIII site, a Kozak’s signal and the sequences
for the initial eight KV11.1 residues together with an antisense oligonucleotide
carrying the coding sequence for residues 535 to 545, a stop codon and the
BamHI-recognition site. For the C-terminal KV11.1 fragment synthesis, the sense
oligonucleotide was designed to contain a HindIII site, a Kozak’s sequence and the
start codon followed by the 546 to 557 KV11.1 coding sequence, whereas the
antisense oligonucleotide covered the last KV11.1 residues (1,049–1,059) and
carried a stop codon and the BamHI-recognition sequence. The S620T C-terminal
fragment was generated the same way using a template carrying the mutation41.
Sequences of oligonucleotides used are listed in Supplementary Table 1.
Deletions and point mutations were generated using the Quick Change Kit
(Agilent Technologies).
Tagged fragments were generated by overlapping PCR. Sequences of
oligonucleotides used are listed in Supplementary Table 1. The 5-Myc tag was
obtained by PCR from a tagged KV7.2 construct (a generous gift from A. Villarroel,
Biophysics Unit, UPV-EHU58) and overlapped to the KV10.1 N-terminal
demichannel. The 4-HA tag was generated by insertion of a synthetic
oligonucleotide encoding two HA tags into a fragment with two additional HA tags
generated by PCR and overlapped to the C-terminal constructs.
All constructs were conﬁrmed by sequencing.
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cRNA synthesis and oocyte microinjection. cRNAs from pSGEM and
pSP64Aþ constructs were prepared in vitro from linearized templates using the
T7 or SP6 promoters, respectively, and the mMessage mMachine kit (Ambion).
Xenopus laevis oocytes were microinjected with a total amount of cRNA ranging
from 5 to 25 ng using similar quantities of split channels cRNAs in a ﬁnal volume
of 50 nl. Oocytes were kept at 18 C in ND96 (96mM NaCl, 2mM KCl, 0.2mM
CaCl2, 2mM MgCl2, 0.5mM theophylline, 5mM HEPES, pH 7.5) or OR-2
(82.5mM NaCl, 2mM KCl, 2mM CaCl2, 2mM MgCl2, 1mM Na2HPO4,
10mM HEPES, at pH 7.5) solutions.
Surface biotinylation. We used the Surface Biotinylation kit (Pierce). Oocytes
expressing the corresponding constructs were washed with PBS and incubated for
30min at 4 C with 1mgml 1 sulfo-NHS-biotin under continuous agitation. The
reaction was stopped by addition of 25 ml quencher. Oocytes were then homo-
genized by pipetting through 1,000 and 100ml tips in 20ml per oocyte 1% Triton-X-
100, 150mM NaCl, 20mM Tris-HCl, 5mM MgCl2, 5mM EDTA and protease
inhibitors (Complete; Roche). The homogenate was incubated 30min on ice and
centrifuged twice at 20,000g for 3min. The pellet was discarded and the clariﬁed
extract was incubated with Neutravidin resin for 60min at room temperature. The
resin was washed three times and ﬁnally the bound proteins were eluted by
incubation with NuPage LDS sample buffer for 60min at room temperature. The
eluted proteins were concentrated by precipitation with trichloroacetic acid, and
then reconstituted in LDS sample buffer and separated by polyacrylamide gel
electrophoresis.
Immunoprecipitation and immunobloting. Ninety-six hours after injection of
cRNA coding for the N-terminal KV10.1 demi-channel labelled with 5Myc plus
the C-terminal 4HA-tagged demi-channel, 30 oocytes per group were collected
and lysed as above. The pellet was discarded and the supernatant was precleared
1 h at 4 C with 25ml Protein G-Magnetic Beads (New England Biolabs).
Immunoprecipitation was performed for 1 h at 4 C on the precleared lysate with
3 mg anti-c-Myc (Santa Cruz cat # sc-40), 2 mg anti-HA (Roche cat. #11867423001)
or 2 mg control mouse IgG 2b (Abcam) and 90min with 50 ml Protein G-Magnetic
Beads. The beads were washed three times with 0.1% Triton-X-100, 50mM Tris-
HCl, 300mM NaCl, 5mM EDTA plus protease inhibitors. Immunoprecipitated
proteins were recovered by heating at 70 C for 10min in LDS sample buffer
(Invitrogen). Samples to be deglycosylated with PNGase F (Sigma) were resus-
pended in 16.5 ml water to be digested overnight at 37 C. For immunoblot analysis,
total protein was separated by SDS–polyacrylamide gel electrophoresis, probed
with anti-HA (1:1,000, Roche cat. #11867423001) or anti-c-Myc (1:1,000, Sigma cat
#M4439). The membranes were stripped and reprobed against the epitope used to
immunoprecipitate. Secondary antibodies (HA conjugated) were used at 1: 10,000
dilution (mouse, GE Healthcare #NA931V, rabbit, GE Healthcare #NA934V and
rat (Jackson Immunoresearch #112-035-006). Crude extract from 1/2 oocyte was
used as input control.
For Blue native electrophoresis, oocytes were washed and homogenized in
0.1M sodium phosphate buffer, pH 8.0 containing: 0.4mM Pefabloc SC
(Fluka, Buchs, Switzerland) plus 1.5% digitonin (Fluka). Extracts were incubated
10min on ice and cleared at 25,000g for 10min. 5 ml extract (1/2 oocyte) were
mixed with 20 ml Native Sample Buffer plus 0.375% G250 (NuPAGE) and run
in 4–16% precast Native Gels (Invitrogen) at 150V in dark blue buffer for
45min and at 250V in light blue buffer. Semi-dry blotting was performed on
polyvinylidene diﬂuoride membranes, and immunodetection was performed as
above. The anti-KV10.1 antibody (polyclonal 9391 (ref. 59)) was used at a dilution
of 1:1,500.
Uncropped images of blots are presented in Supplementary Fig. 3.
Electrophysiology. Two-electrode voltage-clamp recordings were performed at
room temperature 2–5 days after injection, using Turbo TEC-10CD and -10C
ampliﬁers (NPI electronics). The intracellular electrodes had resistances of
0.5–1.0MO when ﬁlled with 2 or 3M KCl. For KV10 recordings, the extracellular
measuring solution contained 115mM NaCl, 2.5mM KCl, 1.8mM CaCl2, 10mM
HEPES/NaOH, pH 7.2, with or without the indicated concentrations of MgCl2.
KV11.1 currents and those of the KV10.1/KV11.1 mixed demi-channels were rou-
tinely recorded in OR-2 medium. For recordings in high extracellular Kþ , KCl was
increased to 50 or 60mM substituting NaCl. Oocytes showing membrane poten-
tials more positive than  30mV and holding currents bigger than 200 nA at
 80/ 100mV after impalement with the ﬁrst and second electrode, respectively,
were discarded. Data acquisition and analysis were performed with the Pulse-
PulseFit (HEKA Electronics) and IgorPro (WaveMetrics) software packages. Ionic
currents sampled at 1 KHz were elicited using the voltage protocols indicated in the
graphs. A P/n method was used for leak and capacitive current subtraction, except
in the case of Cole–Moore protocols, where no subtraction was performed. For
KV11.1, the voltage dependence of activation was assessed by standard tail current
analysis using depolarization pulses of variable amplitude. For very rapidly deac-
tivating constructs, ﬁtting the relaxation of the tail currents and extrapolating the
magnitude of the decaying current to the time the depolarizing pulse ended were
used to determine the amount of current passing through channels opened on
depolarization without inﬂuence of rapid inactivation. Tail current magnitudes
normalized to maximum were ﬁtted with a Boltzmann function to estimate the V1/2
and equivalent gating charge (zg):
Itail=Imax ¼ 1

1þ exp V1=2 V
 
zgF=RT
  
;
where V is the test potential and F, R and T are the Faraday constant, gas constant
and absolute temperature, respectively. The time course of voltage-dependent
activation was studied using an indirect envelope-of-tail-currents protocol, varying
the duration of depolarization prepulses, and following the magnitude of the tail
currents on repolarization. The time necessary to reach a half-maximal tail current
magnitude was used to compare the speed of activation of the different channels.
The rates of deactivation were determined from negative-amplitude biexponential
ﬁts to the decaying phase of tail currents using a function of the form:
y ¼ Af expð invtf : xÞþAs expð invts: xÞþC
where tf and ts are the time constants of fast and slow components, Af and As are
the relative amplitudes of these components and C is a constant. In this case, the
ﬁrst cursor of the ﬁtting window was advanced to the end of the initial hook
because of the recovery of inactivation. Onset of fast inactivation was studied after
activation and inactivation of the currents with a prepulse to positive voltages,
followed by a second short prepulse to around  100mV used to recover the
channels from inactivation, and a subsequent test pulse to different voltages to
reinactivate the channels. Time constants for the onset of inactivation were
obtained from current traces ﬁtting a single-exponential function to the decaying
portion of the currents during the test pulses.
References
1. Yellen, G. The voltage-gated potassium channels and their relatives. Nature
419, 35–42 (2002).
2. Swartz, K. J. Sensing voltage across lipid membranes. Nature 456, 891–897
(2008).
3. Bezanilla, F. How membrane proteins sense voltage. Nat. Rev. Mol. Cell Biol. 9,
323–332 (2008).
4. Vardanyan, V. & Pongs, O. Coupling of voltage sensors to the channel pore: a
comparative view. Front. Pharmacol. 3, 145 (2012).
5. Barros, F., Dominguez, P. & de la Pen˜a, P. Cytoplasmic domains and voltage-
dependent potassium channel gating. Front. Pharmacol. 3, 49 (2012).
6. Sachyani, D. et al. Structural basis of a Kv7.1 potassium channel gating module:
studies of the intracellular C-terminal domain in complex with calmodulin.
Structure 22, 1582–1594 (2014).
7. Gutman, G. A. et al. International Union of Pharmacology. LIII. Nomenclature
and molecular relationships of voltage-gated potassium channels. Pharmacol.
Rev. 57, 473–508 (2005).
8. Ohlenschlager, O., Hojo, H., Ramachandran, R., Gorlach, M. & Haris, P. I.
Three-dimensional structure of the S4-S5 segment of the Shaker potassium
channel. Biophys. J. 82, 2995–3002 (2002).
9. Ng, C. A. et al. The S4–S5 linker acts as a signal integrator for HERG Kþ
channel activation and deactivation gating. PLoS ONE 7, e31640 (2012).
10. Ferrer, T., Rupp, J., Piper, D. R. & Tristani-Firouzi, M. The S4-S5 linker
directly couples voltage sensor movement to the activation gate in the
human ether-a`-go-go-related gene (hERG) Kþ channel. J. Biol. Chem. 281,
12858–12864 (2006).
11. Lu, Z., Klem, A. M. & Ramu, Y. Coupling between voltage sensors and
activation gate in voltage-gated Kþ channels. J. Gen. Physiol. 120, 663–676
(2002).
12. Long, S. B., Campbell, E. B. & Mackinnon, R. Crystal structure of a mammalian
voltage-dependent Shaker family Kþ channel. Science 309, 897–903 (2005).
13. Labro, A. J. et al. Kv channel gating requires a compatible S4-S5 linker and
bottom part of S6, constrained by non-interacting residues. J. Gen. Physiol. 132,
667–680 (2008).
14. Jensen, M. O. et al. Mechanism of voltage gating in potassium channels. Science
336, 229–233 (2012).
15. Blunck, R. & Batulan, Z. Mechanism of electromechanical coupling in voltage-
gated potassium channels. Front. Pharmacol. 3, 166 (2012).
16. de la Pen˜a, P. et al. Demonstration of physical proximity between the N
terminus and the S4-S5 linker of the human ether-a-go-go-related gene (hERG)
potassium channel. J. Biol. Chem. 286, 19065–19075 (2011).
17. Tristani-Firouzi, M., Chen, J. & Sanguinetti, M. C. Interactions between the
S4-S5 linker and the S6 transmembrane domain modulate gating of HERG Kþ
channels. J. Biol. Chem. 277, 18994–19000 (2002).
18. Sanguinetti, M. C. & Xu, Q. P. Mutations of the S4-S5 linker alter activation
properties of HERG potassium channels expressed in Xenopus oocytes.
J. Physiol. 514, 667–675 (1999).
19. Hull, C. M., Sokolov, S., Van Slyke, A. C. & Claydon, T. W. Regional ﬂexibility
in the S4–S5 linker regulates hERG channel closed-state stabilization. Pﬂugers
Arch. 466, 1911–1919 (2014).
20. Van Slyke, A. C. et al. Mutations within the S4–S5 linker alter voltage sensor
constraints in hERG Kþ channels. Biophys. J. 99, 2841–2852 (2010).
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7672 ARTICLE
NATURE COMMUNICATIONS | 6:6672 | DOI: 10.1038/ncomms7672 | www.nature.com/naturecommunications 13
& 2015 Macmillan Publishers Limited. All rights reserved.
21. del Camino, D., Holmgren, M., Liu, Y. & Yellen, G. Blocker protection in the
pore of a voltage-gated Kþ channel and its structural implications. Nature 403,
321–325 (2000).
22. Mitcheson, J. S., Chen, J. & Sanguinetti, M. C. Trapping of a
methanesulfonanilide by closure of the HERG potassium channel activation
gate. J. Gen. Physiol. 115, 229–240 (2000).
23. Witchel, H. J. et al. The low-potency, voltage-dependent HERG blocker
propafenone - molecular determinants and drug trapping. Mol. Pharmacol. 66,
1201–1212 (2004).
24. Wynia-Smith, S. L., Gillian-Daniel, A. L., Satyshur, K. A. & Robertson, G. A.
hERG gating microdomains deﬁned by S6 mutagenesis and molecular
modeling. J. Gen. Physiol. 132, 507–520 (2008).
25. Thouta, S. et al. Proline scan of the HERG channel S6 helix reveals the location
of the intracellular pore gate. Biophys. J. 106, 1057–1069 (2014).
26. Terlau, H. et al. Extracellular Mg2þ regulates activation of rat eag potassium
channel. Pﬂugers Arch. 432, 301–312 (1996).
27. Vandenberg, J. I. et al. hERG Kþ channels: structure, function, and clinical
signiﬁcance. Physiol. Rev. 92, 1393–1478 (2012).
28. Schmidt-Rose, T. & Jentsch, T. J. Reconstitution of functional voltage-gated
chloride channels from complementary fragments of CLC-1. J. Biol. Chem. 272,
20515–20521 (1997).
29. Napp, J., Monje, F., Stu¨hmer, W. & Pardo, L. A. Glycosylation of Eag1 (Kv10.1)
potassium channels: intracellular trafﬁcking and functional consequences.
J. Biol. Chem. 280, 29506–29512 (2005).
30. Ludwig, J. et al. Functional expression of a rat homologue of the voltage gated
ether a´ go-go potassium channel reveals differences in selectivity and activation
kinetics between the Drosophila channel and its mammalian counterpart.
EMBO J. 13, 4451–4458 (1994).
31. Tang, C. Y., Bezanilla, F. & Papazian, D. M. Extracellular Mg2þ modulates
slow gating transitions and the opening of Drosophila ether-a-go-go potassium
channels. J. Gen. Physiol. 115, 319–337 (2000).
32. Garcı´a-Ferreiro, R. E. et al. Mechanism of block of hEag1 Kþ Channels by
imipramine and astemizole. J. Gen. Physiol. 124, 301–317 (2004).
33. Gomez-Varela, D. et al. Different relevance of inactivation and F468 residue in
the mechanisms of hEag1 channel blockage by astemizole, imipramine and
dofetilide. FEBS Lett. 580, 5059–5066 (2006).
34. Downie, B. R. et al. Eag1 expression interferes with hypoxia homeostasis and
induces angiogenesis in tumors. J. Biol. Chem. 283, 36234–36240 (2008).
35. Alonso-Ron, C., de la Pena, P., Miranda, P., Dominguez, P. & Barros, F.
Thermodynamic and kinetic properties of amino-terminal and S4-S5 loop
HERG channel mutants under steady-state conditions. Biophys. J. 94,
3893–3911 (2008).
36. Wang, S., Liu, S., Morales, M. J., Strauss, H. C. & Rasmuson, R. L. A quantitaive
analysis of the activation and inactivation kinetics of HERG expressed in
Xenopus oocytes. J. Physiol. 502, 45–60 (1997).
37. Oinuma, H. et al. 4’-[(4-Piperidyl)carbonyl]methanesulfonanilides as potent,
selective, bioavailable class III antiarrhythmic agents. J. Med. Chem. 33,
903–905 (1990).
38. Ishii, K., Nagai, M., Takahashi, M. & Endoh, M. Dissociation of E-4031 from
the HERG channel caused by mutations of an amino acid results in greater
block at high stimulation frequency. Cardiovasc. Res. 57, 651–659 (2003).
39. Zhou, Z., Gong, Q., Epstein, M. L. & January, C. T. HERG channel dysfunction
in human long QT syndrome. Intracellular transport and functional defects.
J. Biol. Chem. 273, 21061–21066 (1998).
40. Es-Salah-Lamoureux, Z., Xiong, P. Y., Goodchild, S. J., Ahern, C. A. & Fedida,
D. Blockade of permeation by potassium but normal gating of the G628S
nonconducting hERG channel mutant. Biophys. J. 101, 662–670 (2011).
41. Viloria, C. G., Barros, F., Giraldez, T., Gomez-Varela, D. & de la Pen˜a, P.
Differential effects of amino-terminal distal and proximal domains in the
regulation of human erg Kþ channel gating. Biophys. J. 79, 231–246 (2000).
42. Fowler, P. W. & Sansom, M. S. P. The pore of voltage-gated potassium ion
channels is strained when closed. Nat. Commun. 4, 1872 (2013).
43. Yifrach, O. & MacKinnon, R. Energetics of pore opening in a voltage-gated Kþ
channel. Cell 111, 231–239 (2002).
44. Hardman, R. M., Stansfeld, P. J., Dalibalta, S., Sutcliffe, M. J. & Mitcheson, J. S.
Activation gating of hERG potassium channels: S6 glycines are not required as
gating hinges. J. Biol. Chem. 282, 31972–31981 (2007).
45. Choveau, F. S. et al. Opposite effects of the S4-S5 linker and PIP(2) on voltage-
gated channel function: KCNQ1/KCNE1 and other channels. Front. Pharmacol.
3, 125 (2012).
46. Lu, Z., Klem, A. M. & Ramu, Y. Ion conduction pore is conserved among
potassium channels. Nature 413, 809–813 (2001).
47. Ledwell, J. L. & Aldrich, R. W. Mutations in the S4 region isolate the ﬁnal
voltage-dependent cooperative step in potassium channel activation. J. Gen.
Physiol. 113, 389–414 (1999).
48. Pathak, M., Kurtz, L., Tombola, F. & Isacoff, E. The cooperative voltage sensor
motion that gates a potassium channel. J. Gen. Physiol. 125, 57–69 (2005).
49. Soler-Llavina, G. J., Chang, T.-H. & Swartz, K. J. Functional interactions at the
interface between voltage-sensing and pore domains in the Shaker Kv channel.
Neuron 52, 623–634 (2006).
50. Wang, J., Trudeau, M. C., Zappia, A. M. & Robertson, G. A. Regulation of
deactivation by an amino terminal domain in human ether-a-go-go-related
gene potassium channels. J. Gen. Physiol. 112, 637–647 (1998).
51. Fernandez-Trillo, J. et al. Molecular determinants of interactions between the
N-terminal domain and the transmembrane core that modulate hERG Kþ
channel gating. PLoS ONE 6, e24674 (2011).
52. Chen, J., Zou, A., Splawski, I., Keating, M. T. & Sanguinetti, M. C. Long QT
syndrome-associated mutations in the Per-Arnt-Sim (PAS) domain of HERG
potassium channels accelerate channel deactivation. J. Biol. Chem. 274,
10113–10118 (1999).
53. Alonso-Ron, C. et al. Participation of HERG channel cytoplasmic structures on
regulation by the G protein-coupled TRH receptor. Pﬂugers Arch. 457,
1237–1252 (2009).
54. Phartiyal, P., Jones, E. M. C. & Robertson, G. A. Heteromeric assembly of
human ether-a`-go-go-related gene (hERG) 1a/1b channels occurs
cotranslationally via N-terminal interactions. J. Biol. Chem. 282, 9874–9882
(2007).
55. Jenke, M. et al. C-terminal domains implicated in the functional surface
expression of potassium channels. EMBO J. 22, 395–403 (2003).
56. Schwake, M. et al. Structural determinants of M-type KCNQ (Kv7) Kþ
channel assembly. J. Neurosci. 26, 3757–3766 (2006).
57. Villmann, C., Strutz, N., Morth, T. & Hollmann, M. Investigation by ion
channel domain transplantation of rat glutamate receptor subunits, orphan
receptors and a putative NMDA receptor subunit. Eur. J. Neurosci. 11,
1765–1778 (1999).
58. Gomez-Posada, J. C. et al. Kv7 channels can function without constitutive
calmodulin tethering. PLoS ONE 6, e25508 (2011).
59. Chen, Y. et al. Functional Kv10.1 Channels localize to the inner nuclear
membrane. PLoS ONE 6, e19257 (2011).
Acknowledgements
We thank K. Du¨mke and A. Sporning for expert technical assistance. J.C.G.-P. was
partially ﬁnanced by the Department of Education, Universities and Investigation of the
Basque Government within the programme of perfection of doctors abroad. Supported
by the Max-Planck Society, the Spanish Ministry of Science and Innovation (MICINN)
Consolider-Ingenio programme (Grant CSD2008-00005) and the 2013 Principado of
Asturias Government grant SV-PA-13-ECOEMP-69.
Author contributions
E.L., J.C.G.-P., P.d.l.P. and A.P.T. generated the constructs. E.L., J.C.G.-P., A.P.T., J.F.-T.,
U.L., F.B. and L.A.P. collected the data. E.L., J.C.G.-P., P.d.l.P., W.S., F.B. and L.A.P.
designed the study. F.B., P.d.l.P. and L.A.P. wrote the manuscript, all authors discussed
the results and commented on the manuscript.
Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interest.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Lo¨rinczi, E´. et al. Voltage-dependent gating of KCNH
potassium channels lacking a covalent link between voltage-sensing and pore domains.
Nat. Commun. 6:6672 doi: 10.1038/ncomms7672 (2015).
This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7672
14 NATURE COMMUNICATIONS | 6:6672 | DOI: 10.1038/ncomms7672 | www.nature.com/naturecommunications
& 2015 Macmillan Publishers Limited. All rights reserved.
